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*Hormone and Metabolic Research Unit, Université catholique de Louvain and Christian de Duve Institute of Cellular Pathology, 75 Avenue Hippocrate,
B-1200 Brussels, Belgium; †Department of Molecular Physiology and Biophysics, Vanderbilt University School of Medicine, Nashville, TN 37232-0615; and
‡Molecular Genetics Laboratory, Facultés Universitaires Notre Dame de la Paix, 61 Rue de Bruxelles, B-5000 Namur, Belgium

Communicated by Christian de Duve, Christian de Duve Institute of Cellular Pathology, Brussels, Belgium, June 10, 1999 (received for review
September 2, 1998)

ABSTRACT Glucocorticoids exert their effects on gene
transcription through ubiquitous receptors that bind to reg-
ulatory sequences present in many genes. These glucocorticoid
receptors are present in all cell types, yet glucocorticoid action
is controlled in a tissue-specific way. One mechanism for this
control relies on tissue-specific transcriptional activators that
bind in the vicinity of the glucocorticoid receptor and are
required for receptor action. We now describe a gene-specific
and tissue-specific inhibitory mechanism through which glu-
cocorticoid action is repressed by a tissue-restricted tran-
scription factor, hepatocyte nuclear factor-6 (HNF-6). HNF-6
inhibits the glucocorticoid-induced stimulation of two genes
coding for enzymes of liver glucose metabolism, namely
6-phosphofructo-2-kinase and phosphoenolpyruvate car-
boxykinase. Binding of HNF-6 to DNA is required for inhibi-
tion of glucocorticoid receptor activity. In vitro and in vivo
experiments suggest that this inhibition is mediated by a
direct HNF-6yglucocorticoid receptor interaction involving
the amino-terminal domain of HNF-6 and the DNA-binding
domain of the receptor. Thus, in addition to its known
property of stimulating transcription of liver-expressed genes,
HNF-6 can antagonize glucocorticoid-stimulated gene tran-
scription.

Glucocorticoids, an important class of steroid hormones se-
creted by the adrenal gland, are essential for life (1–3). Besides
their role in the suppression of immune and inflammatory
responses, glucocorticoids regulate carbohydrate, protein, and
lipid metabolism. They increase the level of circulating glucose
by stimulating the expression of rate-limiting enzymes of the
gluconeogenic pathway and by decreasing glucose uptake and
use (3). Glucocorticoids act via a ubiquitous intracellular
receptor, called the glucocorticoid receptor (GR). The GR
contains several functional domains, among which are a con-
stitutive amino-terminal activation domain (t1), a central
DNA-binding domain (DBD), and a carboxyl-terminal ligand-
binding domain that includes a ligand-dependent activation
function (t2). On steroid binding, the GR becomes activated
and migrates from the cytoplasm into the nucleus where it
regulates gene transcription. This regulation results from
binding of the GR to glucocorticoid response elements (GRE)
in specific genes or from an interaction of the GR with
DNA-bound regulatory factors (4). The GR is present in all
cell types, and GREs are present in many genes; however,
glucocorticoid action is controlled in a tissue-specific way.
Investigations into the mechanisms that mediate this specificity
led to the description of glucocorticoid response units (GRU).
These are gene regulatory regions in which the GRE is

associated with other binding sites for ubiquitous or tissue-
specific transcription factors that, through synergistic activa-
tion, enable the GR to exert its function (5). One such factor
is hepatocyte nuclear factor (HNF)-3. HNF-3 cooperates with
the GR to activate genes that code for proteins involved in
glucose homeostasis, namely phosphoenolpyruvate carboxyki-
nase (PEPCK), tyrosine aminotransferase, insulin-like growth
factor-binding protein-1, and 6-phosphofructo-2-kinase
(PFK-2; EC 2.7.1.105; refs. 6–10). No inhibitory mechanism
has been described for the tissue-specific control of glucocor-
ticoid action. Nuclear factor kB, c-jun, Nur77, and signal
transducer and activator of transcription factor-5 reportedly
interfere with the GR-induced stimulation of GRE-containing
promoters (11–15). However, these factors exert this inhibition
without binding to DNA and without tissue-specificity.

We (16) and others (17) have studied a GRU located in the
first intron of the gene coding for hepatic PFK-2. This bifunc-
tional enzyme catalyzes the synthesis and degradation of
fructose 2,6-bisphosphate, a potent allosteric regulator of
glycolysis and gluconeogenesis (18). We previously identified
the transcription factors that bind to the pfk-2 GRU and
showed that nuclear factor-I, which is ubiquitous, as well as
HNF-3 and members of the CAATyenhancer-binding protein
family, which are liver-enriched, cooperate with the GR to
stimulate pfk-2 gene transcription. This GRU contains a
consensus binding sequence, 100 bp downstream from the
GRE, for another liver-enriched transcription factor called
HNF-6 (10). HNF-6 possesses a bipartite DBD consisting of a
cut domain and an atypical homeodomain (Hd; ref. 19). It is
the prototype of the recently defined ONECUT class of Hd
proteins, which are conserved from Caenorhabditis elegans to
humans (20). The aim of this work was to investigate the role
of HNF-6 in the function of the pfk-2 GRU. Although HNF-6
has been identified as a transcriptional activator (19, 21, 22),
we now show that HNF-6 antagonizes glucocorticoid action
when bound to the GRU of the pfk-2 gene. We also show that
this action of HNF-6 extends to the pepck gene where HNF-6
binding again interferes with glucocorticoid-stimulated gene
transcription.

MATERIALS AND METHODS

Electrophoretic Mobility-Shift Assays (EMSAs). Liver nu-
clear extracts were prepared as described (23), and wheat germ
extracts were programmed according to the supplier’s instruc-
tions (Promega). EMSAs were performed as described (20)
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with a rat pfk-2 GRU probe (bp 114 to 137, 59-TGAAAGT-
TATGGATTTTTTTTGTT-39) or a pepck probe (bp 2267 to
2244, 59-CAAAGTTTAGTCAATCAAACGTTG-39) (the
consensus HNF-6-binding sites are underlined) radiolabeled
with [g-32P]ATP (Amersham Pharmacia) by T4 polynucleotide
kinase (New England Biolabs) and purified with the Quick
Spin Columns from Boehringer Mannheim. The HNF-6 anti-
serum used was generated by immunizing a rabbit with a
bacterially produced glutathione S-transferase (GST)–HNF-6
fusion protein as described (21). Immunoglobulins were pre-
cipitated from preimmune and immune serum by addition of
ammonium sulfate.

Plasmids. The luciferase reporter vectors GRU and
GRUH6 were constructed by inserting the RsaI–RsaI fragment
of the rat pfk-2 GRU (17) into the HindIII site of pPLLuc138
(24), located upstream of the minimal (138-bp) pfk-2 L pro-
moter (10, 16). GRU17 and GRUG or GRUGH6 were
constructed from GRU or GRUH6 by replacing the HNF-6-
binding site region (bp 121 to 137, 59-TATGGATTTTTTTTG-
TT-39) or the GRE (bp 18 to 34, 59-CAGAACTATCTGTT-
CCT-39) with the 17-bp (59-CGGAGTACTGTCCTCCG-39)
GAL4-binding site (25). The luciferase reporter vector
PEPCK was constructed by inserting the rat pepck promoter
(bp 2600 to 169) into the BglII–HindIII sites of pXP2 (26).

The expression vectors for wild-type or mutated rat HNF-6
(20), human GR (27), or human androgen receptor (pSVAR0;
ref 28), have been described. A simian virus 40-driven GAL4–
DBD (residues 1 to 95) expression plasmid was constructed to
obtain the fusion proteins GAL4–DBDyHNF-6a, GAL4–
DBDyHNF-6a Cut-Hd, and GAL4–DBDyHNF-6 DCut-Hd.
Rat cDNAs coding for full-length HNF-6a, HNF-6a Cut-Hd,
or HNF-6 DCut-Hd were cloned in frame with the GAL4–
DBD sequence in the expression vector.

Cell Culture and Transient Transfections. Rat hepatoma
FTO-2B cells were grown as monolayers in a humidified
atmosphere (5% CO2y95% air, volyvol) in a 1:1 mixture of
DMEM and Ham’s F-12 medium (GIBCOyBRL) supple-
mented with 10% (volyvol) FCS. Human hepatoma HepG2
cells were grown under the same conditions in DMEM con-
taining 10% (volyvol) FCS. Cotransfections in these cells were
carried out with LipofectAMINE PLUS (GIBCOyBRL) by
using 300 ng of luciferase reporter construct, 15 ng of renilla
luciferase control vector, and 15 ng of expression vector in
17.6-mm dishes for 4 h. After a 24-h treatment with dexa-
methasone (1 mM), dihydrotestosterone (0.1 mM), or ethanol
(0.01%), cell extracts were prepared, and luciferase reporter
activities were measured with a Lumac or a TD20y20 (Pro-
mega) luminometer and normalized for renilla luciferase

FIG. 1. Binding of HNF-6 to the GRU inhibits glucocorticoid stimulation of the pfk-2 and pepck genes. (A) Radiolabeled oligonucleotide probes
containing the HNF-6-binding sites from the pfk-2 or pepck GRU were incubated with liver nuclear extracts (LNE) or with wheat germ extracts
(WGE) programmed or not to synthesize HNF-6a or b. A 50-fold excess of cold probe, the serum of a rabbit immunized (I) against recombinant
HNF-6, or preimmune serum (PI) was added as indicated. For lanes 1 and 8, no competitor or serum was added; for lanes 5 and 12, unprogrammed
extracts were used. (B) FTO-2B cells were transiently cotransfected with expression vectors for the recombinant proteins indicated and with a
luciferase reporter construct driven by the pfk-2 promoter linked to the intact pfk-2 GRU (GRU) or to the GRU in which the HNF-6-binding site
has been disrupted (GRUH6) or replaced by a GAL4-binding site (GRU17). After transfection, the cells were treated for 24 h with dexamethasone
and assayed for luciferase activity as described (10, 15). (C) H4IIE cells were treated as in B, except that the reporter construct was driven by the
pepck promoter and the cells were exposed for 16 h to dexamethasone. (D) FTO-2B cells were transiently transfected with a luciferase reporter
construct driven by the pfk-2 promoter linked to the intact pfk-2 GRU and with expression vectors for the androgen receptor and for HNF-6a as
indicated. After transfection, the cells were treated for 24 h with dihydrotestosterone (DHT) as indicated. Values are means 6 SEM from three
to five experiments.
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(dual-luciferase reporter assay system, Promega). Transfection
of rat hepatoma H4IIE cells has been described (29, 30). Cos-7
cells were transfected in 6-well tissue culture plates with
LipofectAMINE PLUS by using 1 mg of expression vector for
4 h in DMEM. After 48 h, cells were scraped and allowed to
lyse for 20 min on ice in 100 ml of lysis buffer (50 mM Tris, pH
7.4y150 mM NaCly5 mM EDTAy1% Nonidet P-40y0.2%
deoxycholatey1 mM PMSFy1 mg/ml aprotininy1 mg/ml
leupeptin). Cell extracts were cleared by centrifugation at
13,100 3 g for 3 min in a refrigerated centrifuge. Protein
concentrations were measured by using a Bio-Rad protein
assay kit, and 20 mg of the extract was resolved on a SDSy10%
PAGE gel for immunoblotting. HNF-6 proteins that were
expressed by transfection were detected by chemiluminescence
by using a rabbit antipeptide (amino acids 266 to 277 of
HNF-6) antibody.

Protein–Protein Interaction Assays. For the single-hybrid
assays, Rat-1 cells (3 3 105 cells per 6-cm dish) were trans-
fected in DMEM without FCS by lipofection with N-[1-(2,
3-dioleoyloxy)propyl]-N, N,N-triethylammonium methylsul-
fate (DOTAP, Boehringer Mannheim). After 6 h, the cells
were washed with PBS and further incubated for 45 h in
DMEM plus 10% (volyvol) FCS before measuring luciferase
activities. Luciferase values were normalized for protein con-
centration in the cell extracts. The cells were transfected with
3 mg of pHNF-6yHNF-3b(63)-TATA-luc, 100 ng of vector
coding for HNF-6a (pCMV-HNF-6a), andyor 100 ng of a
vector coding for a GR–VP16 (pCMV-GR(1–565)-VP16) or a
GAL4–VP16 fusion protein. pHNF-6yHNF-3b(63)-TATA-
luc contains six HNF-6-binding sites from the hnf-3b promoter

(bp 2141 to 2127) upstream of a TATA box and the luciferase
coding sequence. The amount of cytomegalovirus promoter-
containing plasmid was kept identical in each transfection by
addition of empty expression vector (pCMV-NH) where
needed, and the total amount of plasmid (5 mg) was adjusted
by addition of pGEM-3 (Promega). For the GST pull-down
experiments, HNF-6a and hGRa were produced in Esche-
richia coli as GST fusion proteins by addition of 1 mM
isopropyl-b-D-thiogalactopyranoside at 30°C for 3 h. The cells
were lysed with a French press in a solution containing 150 mM
NaCl, 16 mM Na2HPO4, and 4 mM NaH2PO4 (pH 7.3) and
cleared by centrifugation at 6,300 3 g for 10 min. Cleared
lysates were incubated at 4°C on a rocking platform for 1 h with
glutathione-Sepharose beads; 14C-labeled full-length recom-
binant HNF-6a and hGRa synthesized in vitro by using the
TNT-coupled wheat germ extract and reticulocyte lysate,
respectively (Promega), were incubated in buffer (20 mM
Hepes, pH 7.6y150 mM KCly0.1 mM EDTAy2.5 mM MgCl2y1
mM DTTy0.05% Nonidet P-40) at 4°C for 2 h with the
immobilized fusion proteins. After extensive washing in the
same buffer, the beads were boiled, and the eluate was loaded
on a SDSy8% PAGE gel, which was dried and subjected to
autoradiography.

RESULTS AND DISCUSSION

To evaluate the possible influence of HNF-6 on the expression
of the pfk-2 gene, we first determined whether HNF-6 binds to
the PFK-2 GRU. In EMSAs, liver nuclear extracts produced a
complex, the formation of which was prevented by an excess of

FIG. 2. The amino-terminal segment of HNF-6 inhibits glucocorticoid action. (A) Structure of the recombinant proteins tested. The lowercase
letters refer to the same proteins in all panels. (B) Immunoblot of the recombinant proteins with an anti-HNF-6 antibody. Recombinant protein
g was not detected, because it lacks the epitopes recognized by this antibody; however, it was detected by EMSA (see C). (C) EMSA of the
recombinant proteins with the HNF-6-binding site in the pfk-2 GRU as a probe. Asterisks indicate specific complexes. No specific band was seen
with the empty vector or with recombinant proteins f and h, because they lack the DBD(s). Recombinant proteins f and h were detected by
immunoblotting (see B). Recombinant protein g gave a fast-migrating complex because of its much smaller size. (D) Effect of the overexpressed
recombinant proteins on the glucocorticoid response of the GRU luciferase reporter construct measured as described for Fig. 1B. Tests were
performed in transfected FTO-2B cells. For recombinant protein a, stimulation by dexamethasone was 40-fold (see Fig. 1B). Values are means 6
SEM from three or four experiments. (E) Effect of GAL4–DBD (bar i) or the indicated fusion proteins (bars j, k, and l) on the glucocorticoid
response of the GRU17 luciferase reporter constructs in transfected FTO-2B cells. Stimulation by dexamethasone in the presence of GAL4–DBD
was 40-fold. Values are means 6 SEM from three to five experiments.
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unlabeled probe and by an antiserum (21) raised against
HNF-6 (Fig. 1A, lanes 1–4). There are two hepatic isoforms of
HNF-6, a (465 residues) and b (491 residues), which differ in
the length of the linker between the cut domain and the Hd and
in their DNA-binding properties (20). Both HNF-6 isoforms
bound to the pfk-2 GRU (Fig. 1 A, lanes 5–7).

The functional consequence of HNF-6 binding to the GRU
was studied by transfection as described in the legend to Fig.
1B. Dexamethasone, a GR agonist, produced the expected
GRU-dependent stimulation of the pfk-2 promoter (Fig. 1B,
bar a). Disruption of the HNF-6-binding site in the GRU
(GRUH6), verified by in vitro footprinting (data not shown),
enhanced the glucocorticoid effect (Fig. 1B, bar d). This result
suggested that endogenous HNF-6 is inhibitory. Overexpres-
sion of HNF-6a or b reduced the glucocorticoid-stimulated
expression of the wild-type reporter (Fig. 1B, bars b and c) and
was without effect on the construct that cannot bind HNF-6
(Fig. 1B, bars e and f). This result indicated that HNF-6 must
bind to the GRU to exert its inhibitory effect. If so, the same
inhibition was predicted to occur when exogenous HNF-6 is
anchored to the GRU. We therefore replaced the HNF-6-
binding site in the GRU with a binding site for the DBD of the
yeast GAL4 transcription factor. The glucocorticoid-
stimulated expression of this construct, designated GRU17,
was increased by the HNF-6yGAL4 site substitution (Fig. 1B,
bar h), in the same manner observed after disruption of the
HNF-6-binding site (Fig. 1B, bar d). Consistent with the
prediction, expression of a GAL4–DBDyHNF-6 fusion pro-
tein markedly reduced the glucocorticoid-stimulated expres-
sion of the GRU17 pfk-2 promoter construct (Fig. 1B, bar i),
whereas expression of the GAL4–DBD alone had no effect
(Fig. 1B, bar g).

The GRU located in the promoter of the gene coding for
PEPCK (31), a rate-controlling enzyme of gluconeogenesis,
also contains an HNF-6-binding site located 100 bp down-
stream from the GRE. Consistent with earlier work (32),
several specific complexes were observed in EMSA with liver
nuclear extracts by using a probe corresponding to the pepck
HNF-6 site (ref. 19; Fig. 1 A, lane 8). This site is localized in the
P3II footprint region previously shown to bind CAATy
enhancer-binding protein family members and activator pro-
tein-1 (33). We identified the lower band as HNF-6, based on
the use of the anti-HNF-6 serum (Fig. 1 A, lanes 10 and 11).
Recombinant HNF-6a, but not b, bound to this site (Fig. 1 A,
lanes 12–14). As the sequence of this site differs from the
HNF-6 site in the pfk-2 GRU, this result was not surprising in
view of the differences in DNA recognition properties of
HNF-6a and b (20). We therefore predicted that overex-
pressed HNF-6a, but not b, would inhibit the stimulation of the
pepck promoter by dexamethasone. This prediction held true
(Fig. 1C). In fact, HNF-6b amplified the glucocorticoid re-
sponse by an unknown mechanism.

To test whether the inhibitory effect of HNF-6 was specific
to the GR, we verified that androgen receptor action was not
inhibited by HNF-6a. Indeed, the androgen receptor stimu-
lated the pfk-2 GRU in the presence of dihydrotestosterone
(Fig. 1D, bars a and b), consistent with earlier work (34).
However, this androgen-mediated stimulation was not inhib-
ited by overexpression of HNF-6a (Fig. 1D, bars c and d).

Having found that HNF-6 can inhibit glucocorticoid action
when it binds in the vicinity of the GRE, we next delineated
the region of HNF-6 that mediates this effect. Deletion
mutants of HNF-6 were tested in transfected cells for their
ability to inhibit the GRU-dependent, dexamethasone-
induced, transcriptional stimulation of the PFK-2 promoter-
luciferase reporter construct. These mutants (Fig. 2A) were all
expressed at similar levels, as determined by immunoblotting
and EMSA (Fig. 2 B and C). Fig. 2 D and E show that the
domain responsible for the antiglucocorticoid activity resides
in the amino-terminal half of HNF-6. Indeed, deletion of this

portion of the protein abolished the inhibitory effect of HNF-6
(Fig. 2D, bar g). Furthermore, when fused to a GAL4–DBD
and targeted to the GAL4 site in the GRU17 reporter
construct, the amino-terminal half of HNF-6 inhibited the
effect of dexamethasone as well as intact HNF-6 (Fig. 2E, bars
j and k). Deletion of the Hd, the cut domain, or both also
abolished the antiglucocorticoid effect of HNF-6 (Fig. 2D, bars
e, f, and h). However, this observation is probably explained by
the fact that deletion of the cut domain abolished binding of
HNF-6 to DNA (Fig. 2C, lane f) and that deletion of the Hd
markedly reduced DNA binding (Fig. 2C, lane e). Moreover,
these domains were not inhibitory when fused to the GAL4–
DBD (Fig. 2E, bar l), suggesting that the DBD of HNF-6 is
required only for anchoring the amino-terminal inhibitory
region to DNA.

To investigate whether HNF-6 inhibits glucocorticoid action
by interacting with the GR, we used an in vivo single-hybrid
test. We determined, by transfection, whether HNF-6a could
recruit a GR–VP16 fusion protein to a reporter gene that
contains HNF-6-binding sites but not GR-binding sites. The
GR–VP16 protein contains the activation domain of the viral
transcription factor VP16 (amino acids 412 to 490) fused
downstream of amino acids 1 to 565 of the GR (GR devoid of
ligand-binding domain). Transfection of HNF-6 in Rat-1 fi-
broblasts, which have no endogenous HNF-6, increased re-
porter gene activity (Fig. 3A), consistent with earlier results
(20). Transfection of GR–VP16 alone did not affect the
activity of the reporter gene significantly. In contrast, cotrans-
fection of HNF-6 with GR–VP16 reproducibly stimulated
transcription much more than HNF-6 alone (Fig. 3A Left),

FIG. 3. Interaction between HNF-6 and the GR. (A) Rat-1 fibro-
blasts were transiently transfected with a reporter containing the
luciferase gene driven by a TATA box and six HNF-6-binding sites, in
the presence or absence of expression vectors coding for HNF-6a or
for the GR–VP16 and GAL4–VP16 fusion proteins as indicated.
Representative experiments performed in duplicate are shown. (B)
Bacterially expressed GST and the GST–HNF-6a and GST–GR fusion
proteins were bound to glutathione-Sepharose beads; 14C-labeled GR
or 14C-labeled HNF-6a produced in a wheat germ extract was incu-
bated as indicated for 2 h at 4°C with the beads, which were then
washed and processed for SDSyPAGE followed by autoradiography.
An aliquot (1y10 of the input in the incubation mixture) of the
radioactive proteins was run as a control (lanes 1 and 8).
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suggesting that HNF-6 interacts with the GR and recruits it to
the reporter gene. To determine whether HNF-6 recruits
GR–VP16 via the GR portion of the fusion protein and not via
the VP16 activation domain, the GR portion was replaced by
the GAL4–DBD (residues 1 to 148) to make a GAL4–VP16
fusion protein. GAL4–VP16 was not recruited by HNF-6 to
the reporter construct, as determined by the fact that it did not
amplify the effect of HNF-6 in the same experiments (Fig. 3A
Right). This result showed that the interaction between HNF-6
and GR–VP16 is GR-specific. To confirm an interaction
between HNF-6 and the GR further, we performed in vitro
GST pull-down experiments (Fig. 3B). These experiments
showed that matrix-immobilized HNF-6 can interact with GR
and vice versa.

Because HNF-6 binds to the GR, we next sought to delineate
the GR domain necessary for this interaction. Mutants of GR
were used to define the region required for the repression of
the glucocorticoid-stimulated GRU reporter construct by en-
dogenous HNF-6. In cells transfected with GR mutants, the
glucocorticoid response of the wild-type pfk-2 promoter con-
struct was compared with that of a construct that lacks the
HNF-6 site (GRUH6). We reasoned that a glucocorticoid-
mediated increase of reporter gene expression seen with the
GRUH6 construct, as compared with the wild-type GRU
construct, would indicate that the transfected GR is still
inhibited by endogenous HNF-6. HepG2 cells were used for
these experiments, because the induction of reporter gene
expression by glucocorticoids is lower than in FTO-2B cells in
the absence of cotransfected GR, thus allowing an easier

detection of the effect of exogenous GR. Fig. 4A shows the
structure of the transfected GR mutants and of the GRU
contained in the reporter constructs. The GR mutants had not
lost their ability to stimulate the pfk-2 GRU (Fig. 4B), an
observation consistent with earlier reports in which other
reporter constructs were employed (27). Fig. 4B shows that, in
the absence of exogenous GR, the GRUH6 reporter re-
sponded better than the wild-type GRU to dexamethasone
(Fig. 4B, bars a and b), as expected from the loss of the
DNA-dependent inhibitory interaction between HNF-6 and
the endogenous GR. This phenomenon was amplified after
cotransfection with exogenous GR (Fig. 4B, bars c and d).
Similarly, the response caused by transfection of a GR lacking
the carboxyl-terminal half (Fig. 4B, bars e and f) or the
amino-terminal half of the molecule (Fig. 4B, bars g and h) was
inhibited by HNF-6 binding to the GRU. Both of these two GR
mutants retain the DBD; thus, we hypothesized that this
domain is the target of HNF-6 action. It is impossible to
confirm this hypothesis by simply deleting the DBD from the
transfected GR, because this mutant would be unable to bind
DNA and stimulate transcription. We therefore replaced the
GRE in the wild-type GRU and GRUH6 reporters with a
GAL4-binding site and then cotransfected a GR mutant in
which the DBD has been replaced by the GAL4–DBD (27).
This GR mutant activated these substituted (GRUG and
GRUGH6) reporters but was insensitive to HNF-6 (Fig. 4B,
bars i and j), thereby confirming the requirement of the GR
DBD for the antiglucocorticoid activity of HNF-6.

It is known that HNF-6 is a transcriptional activator when
bound to certain gene promoters (19–21, 35). Here, we

FIG. 4. The target of HNF-6 is the DBD of the GR. (A) Structure of the GR and GRU constructs. LBD, ligand-binding domain; t1 and t2,
transactivation domains. In GR–GAL4–GR, the DBD of the GR was replaced by the DBD of GAL4. (B) Activity of wild-type and mutated GR
on reporter genes driven by a wild-type or mutated GRU. After transient transfection, HepG2 cells were treated with dexamethasone (except after
cotransfection with GR1–488, which lacks the ligand-binding domain and is constitutively active) before determination of luciferase activity as
described in Fig. 1B. Data are shown as relative values in the graph, and the absolute values corresponding to 100% are given on the right of the
graph. Values are means 6 SEM from three to six experiments.
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describe an inhibitory action of HNF-6 that results from its
binding to a GRU. This effect involves the amino-terminal
portion of HNF-6 and the DBD of the GR. Our data suggest
that a direct interaction between HNF-6 and the GR plays a
role in this inhibitory action. HNF-6 expression is controlled
by tissue-specific transcription factors (21, 36), by develop-
mental cues (21, 35), and by growth hormone in liver (37). This
tissue-specific, developmental and hormonal regulation of
HNF-6 expression could indirectly modulate glucocorticoid
action via the mechanism described here. Glucocorticoids are
potent antiinflammatory drugs, but their clinical use is plagued
by complications that include perturbations of glucose metab-
olism. The discovery of the antiglucocorticoid activity of
HNF-6 might help in the design of modulators of the phar-
macological actions of glucocorticoids that would limit their
impact in the tissues that express HNF-6, e.g., the liver, while
allowing their therapeutic effect in other tissues.
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